To alleviate the mass-scaling issues associated with conventional upwind rotor blades of extreme-scale wind turbines (≥ 10MW), the inviscid aerodynamics of a loadaligned blade is compared to that of a conventional blade. This fluid-structure loadalignment reduces cantilever loading and has been projected to reduce blade mass by 50% for both morphing and pre-aligned configurations. This alignment also facilitates blade segmentation, so that the combined effect may lead to a 25% reduction in cost of energy. However, previous quantitative analysis has only included structural simulations. Herein, the aerodynamic performance of this concept is investigated with computational fluid dynamics (CFD). This numerical method was first validated two-dimensionally with the S809 airfoil and three-dimensionally with the Unsteady Aerodynamic Experiment (UAE). The results indicated that this inviscid method is reasonable for predicting torque and thrust when the flow is attached, i.e., with moderate angles of attack. This technique was then applied to a 10 MW wind turbine at rated wind speed for both conventional and loadaligned configurations . The aerodynamic load predictions for thrust and torque compared well with the empirically prescribed force distributions, further supporting the morphing and pre-alignment concepts. Extreme flow conditions as well as fully-coupled fluidstructure simulations are recommended to provide improved fidelity and quantification, as well as a more detailed understanding of the load relief and expected mass savings for these concepts.
I. Introduction: Extreme-Scale Systems and Load Alignment Concepts
Since 1995, the average wind turbine rated power has increased twenty-fold 1 and economies of scale and higher winds aloft are driving systems to ever larger sizes. As a result, future extreme-scale systems with power levels of 10-20 MW are expected. Such increases will be associated with much larger turbine blades (since power scales approximately with blade radius squared) and thus unfortunately much larger blade masses. For example Crawford 2 estimated that blade weight increases with R 2.1 as shown in Fig. 1 Other sources 3, 4 have proposed even faster scalings of R 2.53 or even R 3.1 , due to the increasing importance of gravity loads at extreme scales. This blade mass scaling is important since cost is roughly proportional to mass and since the rotor accounts for about 23% of the initial total system cost. Furthermore, many of the other turbine components also increase in cost as the rotor mass increases. 3 Thus, new concepts in turbine blade design are needed to decrease mass for extreme-scale systems. While there have previous attempts to redesign rotor blades based on fluid-structure principles 5 , two new concepts have been developed based on load-alignment for extreme-scale systems: segmented ultralight morphing rotors 6 (SUMR) and segmented ultralight pre-aligned rotors 7 (SUPAR). Both concepts use rotor blade downwind orientation that is aligned to minimize loads either for a range of wind speeds by morphing 6 , or aligned only at a single optimum wind speed with a fixed geometry 7 . Figure 2 demonstrates the principle of load alignment. Conventional upwind turbine configurations (Fig. 2a ) typically employ blades with fiberglass shells (or more expensive but lighter carbon fiber) to carry the structural and aerodynamic loads with very small aeroelastic deflections to avoid tower strikes and fatigue. The resultant of the centrifugal, gravitational, and downwind forces on a conventional blade are shown in Fig. 2b . The combination of these forces leads to cantilever forces in the downwind direction for a conventional blade. Therefore designed stiffness is used to avoid tower strikes and fatigue American Institute of Aeronautics and Astronautics leads to the blade mass problems discussed above. This stiffness constraint can be relaxed if a downwind loadaligned concept is employed. A segmented load-aligned blade ( Fig. 2c) with a joint at the hub can be unlocked to allow for moment-free downstream morphing or have a pre-set rigid configuration. The alignment angle increases with rated power, meaning downwind cantilever forces (and the associated blade costs) become much more prevalent at extreme-scales. The load-alignment concept is bio-inspired since the low-mass benefits of a morphing design to minimize fluid-structure load in extreme conditions can be observed in nature [6] [7] . For example, oak trees have a single section trunk that is stiff and heavy. Under moderate wind conditions, the tree undergoes relatively little deflection, similar to how a conventional turbine blade undergoes little deflection to avoid tower strikes. In high wind conditions, the aerodynamic forces impart extreme cantilever loads on such trees, ultimately destroying them. In contrast, palm trees have a segmented trunk that can easily deflect downwind. [8] [9] [10] Under high wind conditions, the flexible living structure can bend downstream and alleviate such destructive cantilever aerodynamic loads. This trunk structure is one of the main reasons that palm trees are much more common near coast lines where hurricane-level winds are common, compared to oak trees and other heavy, stiff trees. Just as the natural flow adaptability of the palm tree handles aerodynamic loads with minimal structural mass, a load-aligned blade (Fig. 2c) can minimize rotor mass by reducing the conventional stiffness constraint. In particular, the blade is aligned so that the structural loads primarily act in tension. The variation in load-path angle over the blade's radius results in the need for a downwind curved blade. To reduce wake effects of the upwind tower on the blade, the tower can be aerodynamically faired. This can have a substantial impact since the drag (and wake of an airfoil) can be many times less than that of a cylinder.
For case of a morphing rotor, the resulting load-path angles (β) will vary as a function of wind speed as shown in Fig. 3 . Below the cut-in speed, the blade is held fixed in the conventional orientation. To partially or fully adapt to this change, a hinge between the hub and blade allows for a variable downwind alignment angle for different wind speeds. Below rated conditions, the forces are not large enough to necessitate a full (moment free) morphing angle, so from V cut-in to V rated the blade linearly morphs from no alignment to the rated condition alignment, and stays aligned up to the cut-out velocity. Past V cut-out the rotor goes into a parked position. The morphing schedule can also be seen in the following animation, http://www.youtube.com/watch?v=RQmA7JwBefY. Note that the SUPAR concept uses a single geometry, and structural simulations 7 indicated that the blade should be aligned at a wind speed of 1.25V rated , in order to minimize loads over the entire operating wind speed range. Therefore, the SUMR and SUPAR concepts will both be load-aligned and have the same geometry at 1.25V rated .
Previous quantitative analysis for SUMR 6 and SUPAR 7 has included finite element analysis for the structural stresses simulations based on empirically estimated aerodynamic loads scaled up from a 5 MW rotor. These studies demonstrated that this load reduction associated with morphing or pre-alignment may reduce cost of energy by as much as 25%. However, no aerodynamic simulations have been conducted to verify that the load-aligned blade can provide similar aerodynamic performance as that of a conventional blade. Herein, the blade aerodynamics are investigated for conventional vs. load-aligned configurations using computational fluid dynamics to examine this important issue. American Institute of Aeronautics and Astronautics 
II. Validation of Aerodynamic Methods A. S809 Validation
To predict the basic aerodynamic flow features of a wind turbine, ANSYS Fluent (a commercial computational fluid dynamics software package) was used. An inviscid two-dimensional investigation was conducted with the S809 airfoil to determine the fidelity of the code in predicting the wind turbine blade lift aerodynamics. An unstructured mesh was used with a baseline resolution of 100-200 grid points around the airfoil surface. This was compared to a refined mesh with double the number of grid points around the airfoil. The results are shown in Fig. 4 and indicate that this method is reasonable for the linear portion of the lift curve. As expected, the maximum lift and stall performance are not predicted accurately. The reduced computational power for the present formulation, as compared to that for a Reynolds-Averaged Navier-Stokes, is seen as a reasonable trade-off for the lack of performance in predicting viscous effects (such as blade drag and stall effects), which are expected to be minor so long as only steady-state air flow and optimally pitched geometry conditions are considered (as is the case herein). 
B. UAE Validation
The computational approach was next evaluated using the well-known Unsteady Aerodynamics Experiment To simply the computational analysis, the computational domain was fixed as a circular cylinder with the same cross-sectional area and streamwise length as the NASA Ames wind tunnel. To reduce computation time, the cylindrical domain was split and a periodic boundary condition was applied for rotational symmetry as shown in Fig  6a. Blade rotation was simulated by adding rotational motion to the reference frame, creating a stationary blade in a swirling flow field. An unstructured mesh was used with 100-200 grid points around the blade surface at any given cross section (Fig 6b) . This range was shown to be suitable since higher grid resolutions resulted in little change to the lift curve at moderate angles of attack in the linear portion of the curve (Fig. 4a) 
. UAE rotor: a) computational domain, b) mesh cross section showing unstructured grid resolution
Sample predicted aerodynamic loads are shown in Fig. 7 , where it can be seen that the largest pressure variations (and thus largest aerodynamic loads) are located in the outboard region where the relative velocity is highest. The aerodynamic shaft torque at zero yaw and 3° pitch relative to the tip is shown in Figure 8 , and it can be seen that the agreement is reasonable, especially at the lower wind speeds where the tip-speed ratio is highest and closes to typical operating conditions of a wind turbine (at higher wind speeds, flow separation may occur rendering the present inviscid approach less useful and appropriate). In general, the predictions are reasonable for moderate angles of attack so long as the flow is attached, consistent with the variations shown in Fig. 4 . These levels of comparison are also similar to predictions reported for several different CFD codes 11 and thus the current method is deemed reasonable for near-rated conditions. American Institute of Aeronautics and Astronautics 
III. Aerodynamics of Conventional vs. Load-Aligned Extreme-Scale Blades

A. Conventional 10 MW Rotor Blade Geometry
The blade geometry for a 10 MW conventional and load-aligned rotor blade is based on the National Renewable Energy Laboratory (NREL) offshore 5 MW baseline wind turbine. 12 This data was then scaled to a 10 MW design with a radius of 82 m. 13 The scaled data used for the model is summarized in Table 1 . The NREL 5 MW turbine specifies the airfoils at specific nodes along the blade, as are shown in the right column of Table 1 . The hub of the blade is modeled as a cylinder, which at 15% of the blade radius transitions into a 40%-thick, Delft University DU40 airfoil. The 40% thickness airfoil then transitions to a thinner airfoil and at three-quarters of the blade radius becomes a NACA 64, 18%-thick, airfoil. The blade remains a NACA 64 airfoil until the tip. The chord distribution was obtained by using the same non-dimensional chord distribution as that of the NREL 5 MW that has a maximum chord length at approximately 25% of the blade radius. 12 The airfoil distribution, airfoil thickness, and blade twist are shown in Fig. 9 . American Institute of Aeronautics and Astronautics Similar to the UAE validation, an unstructured mesh was used for the extreme-scale blades with 100-200 grid points around the blade surface at any given cross section. The mesh then became increasingly coarse farther from the surface, producing 550K total grid points within the computational domain for the conventional wind turbine blade (Fig. 10a) . For the load-aligned blade, downwind angles for 1.25 V rated were chosen since this condition is consistent with both SUMR and SUPAR concepts, as discussed in Section I. The geometry and mesh for this blade are shown in Fig. 10b Based on the CFD solutions for these two configurations of Fig. 10 , pressure distributions were obtained over the blade surfaces. As shown in Fig. 11 , the largest pressure variations for both blades are located in the outboard region where the relative velocity is highest, similar to the UAE condition (Fig. 7) . When comparing the conventional blade with the load-aligned blade, the pressure distributions are very similar. This result suggests that the aerodynamic loads are also similar. However, it can be seen that the load-aligned blade has a slight shift of aerodynamic loading away from the outboard sections. The velocity distributions just above the blade surfaces were also examined at the 80% outboard station (r/R=0.8), where the conventional and load-aligned case gave nearly identical distributions suggesting no adverse aerodynamic effects associated with the coned and curved blade. American Institute of Aeronautics and Astronautics To quantify the load distribution differences between the blades and between the empirical distributions used previously [6] [7] , the thrust and torque force per unit span-length of blade (T' and F Q ') were made non-dimensional based on equation 1 and 2 to compare the approaches.
(1) (2) As shown in Fig. 12 , the previous empirical distributions match the CFD predictions reasonably well for the radial distribution of both the thrust and torque force on a conventional blade. However, the CFD results tend to show a more even load distribution, while the empirical approximation slightly over-predicts the forces in the intermediate sections (0.4<r/R<0.9). It can also be seen that the CFD predictions of torque for the load-aligned blade forces are very similar to the conventional blade, where the same disk area has been maintained by use of a longer blade for the load-aligned case. However, the load-aligned blade tends to show slightly higher thrust values indicating that there is a non-linear pitch coupling due to the coning which affects the angle of attack. This indicates that a conventional pitch schedule would need to be modified somewhat for a load-aligned blade. The most important conclusion of these simulations is that load-alignment does not have an adverse aerodynamic effect on the thrust and torque forces produced. This supports the mass and cost savings previously projected from structural simulations [6] [7] . 
IV. Conclusions and Recommendations
To alleviate the mass-scaling issues associated with conventional upwind rotors of extreme-scale wind turbines (≥ 10MW), a load-aligned blade was investigated in conjunction with recent proposals for two new concepts: a segmented ultralight morphing rotor (SUMR) and a segmented ultralight pre-aligned rotor (SUPAR). The loadaligned concept employs a downwind rotor with coned and curved blades to allow for moment-free downstream alignment. This alignment leads to primarily tensile loading (rather than cantilever) along the blade direction and may provide a net mass savings of 50%. This study is the first to investigate the aerodynamic performance of the load-aligned concept. An inviscid computational fluid dynamics (CFD) method was validated two-dimensionally with the S809 airfoil and three-dimensionally with the UAE conducted in the 80x120 ft NASA Ames wind tunnel. The CFD results indicated that this method is reasonable for predicting torque and thrust at moderate angles of attack when the flow is attached, consistent with steady-state operation near rated conditions. Application of this same method to a load-aligned blades for a 10 MW turbine at a wind speed equal to 1.25 times rated wind speed (where the SUMR and SUPAR geometries are consistent) yielded very similar velocity pressure distributions when compared to a conventional blade at the same conditions (though the load-aligned blade has a slight shift of aerodynamic loading away from the outboard sections). Examination of the detailed thrust and torque distributions as a function of radius also showed that the conventional and load-aligned case gave nearly identical distributions suggesting no adverse aerodynamic effects associated with the coned and curved blade. Furthermore, previous empirical aerodynamic load distributions (used to demonstrate the SUMR and SUPAR concepts) were found to reasonably match the CFD predictions (though the CFD results tend to show a more even load distribution). This general agreement supports the mass and cost savings previously projected from structural simulations, but suggest that fully-coupled fluid-structure simulations be completed to further quantity and assess the load-alignment concept. In addition, investigations for a range of wind speeds, including extreme winds associated with stowed conditions are needed to determine the robustness of these concepts. Such simulations can pave the way to experimental and design studies which are critical to determine the viability of the SUMR and SUPAR concepts.
